Stroke is the third leading cause of death in the United States with high rates of morbidity among survivors. The search to fill the unequivocal need for new therapeutic approaches would benefit from unbiased proteomic analyses of animal models of spontaneous stroke in the prestroke stage. Since brain microvessels play key roles in neurovascular coupling, we investigated prestroke microvascular proteome changes. Proteomic analysis of cerebral cortical microvessels (cMVs) was done by tandem mass spectrometry comparing two prestroke time points. Metaprotein-pathway analyses of proteomic spectral count data were done to identify risk factor-induced changes, followed by QSPEC-analyses of individual protein changes associated with increased stroke susceptibility. We report 26 cMV proteome profiles from male and female stroke-prone and non-stroke-prone rats at 2 months and 4.5 months of age prior to overt stroke events. We identified 1,934 proteins by two or more peptides. Metaprotein pathway analysis detected age-associated changes in energy metabolism and cell-to-microenvironment interactions, as well as sex-specific changes in energy metabolism and endothelial leukocyte transmigration pathways. Stroke susceptibility was associated independently with multiple protein changes associated with ischemia, angiogenesis or involved in blood brain barrier (BBB) integrity. Immunohistochemical analysis confirmed aquaporin-4 and laminin-α1 induction in cMVs, representative of proteomic changes with >65 Bayes factor (BF), associated with stroke susceptibility. Altogether, proteomic analysis demonstrates significant molecular changes in ischemic cerebral microvasculature in the prestroke stage, which could contribute to the observed model phenotype of microhemorrhages and postischemic hemorrhagic transformation. These pathways comprise putative targets for translational research of much needed novel diagnostic and therapeutic approaches for stroke.
INTRODUCTION
Stroke is the third leading cause of death and the leading cause of disability in the United States with persistent risk despite successful antihypertensive therapies (1) , and minimal efficacy of therapies targeting neuronal loss reduction (2) . These unexpected shortfalls highlight the need for the study of the brain microvasculature-composed of the microvascular endothelial cell, basal lamina matrix (BLM), pericyte and astrocyte end feet-in stroke pathogenesis (3, 4) . Clinical evidence implicating cerebral cortical microvessel (cMV) involvement in stroke pathogenesis are deduced from cumulative MRI-based observations that cerebral microhemorrhages coexist with acute spontaneous intraparenchymal hemorrhages (5, 6 ) and predict new disabling or fatal strokes in patients with acute ischemic stroke or transient ischemic attack (7) . Altogether, these associations reiterate the need to study cMVs as they comprise the site for said microhemorrhages.
Given that microvessels are at the frontline of oxidative stress, hypoxia/ ischemia and inflammation, and given their key role in the maintenance of the blood brain barrier (BBB), investigation of cerebral microvascular molecular and cellular changes could contribute critical new insight into mechanisms of stroke pathogenesis. Analysis of cMVs could address the translational roadblock in current stroke intervention strategies, which have focused on large artery pathology and neuronal death. However, owing to their inaccessibility for systematic study in humans and the limitations of in vitro systems, analysis of the putative role(s) of cMVs in stroke pathogenesis requires an animal model that recapitulates stroke paradigms which implicate microvascular pathology.
The rat stroke model of ischemichemorrhagic stroke induced by early life sodium exposure in an inbred polygenichypertensive, transgenic-hyperlipidemic Dahl salt-sensitive (Dahl-S) rat, Tg25sp model with sex-specific differences (8) provides a strategic model for molecular analysis of the cerebral microvasculature. This model is characterized by the presence of both hypertension and hyperlipidemia as risk factors, and by a diseasecourse continuum that recapitulates multiple paradigms of human stroke, such as nonocclusive carotid artery disease with chronic low-flow ischemia, microhemorrhages and hemorrhagic infarctions (8) . This disease course implicates cMVs in the pathogenesis, albeit not as the sole culprit. Because the stroke-prone model used is a genetically identical inbred transgenic rat strain exhibiting a relatively confined temporal disease course (8) , the prestroke stage can be defined and studied, thereby validating the study of prestroke events.
Because the BLM contributes to cMV integrity (9) , neurovascular unit function (4, 10) , and because BLM loss has been implicated in cerebral postischemic hemorrhagic transformation (9, 11) , proteomic analysis is necessary to assess protein changes directly in both BLM and cMV cell components. The shotgun proteomic approach by tandem mass spectrometry provides a strategy to interrogate the microvasculature along the disease course of stroke. Only a few proteomic studies of brain microvessels to elucidate disease mechanisms have been done (12) (13) (14) .
Studying cerebral microvascular changes in stroke pathogenesis is important since the microvasculature is involved in effective paracrine cross-talk in the neurovascular unit (15) , and since they comprise accessible targets for new diagnostic and therapeutic strategies. Using a high-throughput proteomic strategy, we tested the hypothesis that putative changes in cMVs precede the onset of stroke in the stroke-prone Tg25sp model which exhibits carotid artery disease, cerebral microhemorrhages and hemorrhagic infarctions (8) . Here, we report cMV prestroke proteomic changes associated with age and stroke susceptibility, respectively, in both male and female stroke-prone rats.
MATERIALS AND METHODS

Stroke-Prone Rat Model of Microhemorrhages and Hemorrhagic Infarction
All animal model studies were done in accordance with the Institutional Animal Care and Use Committee of Boston University School of Medicine, Boston MA, USA. Endpoint euthanasia was accomplished via vital tissue collection under general anesthesia. We used an inbred, Dahl-S rat model of adult-onset ischemic-hemorrhagic stroke with a combination of stroke risk factors: hypertension, hyperlipidemia and earlylife sodium exposure (0.4% NaCl) (8) . Stroke is induced in both nontransgenic (Tg-) and transgenic (Tg+) Dahl-S rats expressing the human cholesteryl ester transfer protein (CETP), Tg[hCETP] 25 Dahl-S rats or Tg25 (8, 16 ) maintained in our facility. Littermate male (M) and female (F), Tg+ and Tg-Dahl-S rats were used. Given identical genetic background and developmental programming, the relative stroke susceptibility measured as differences in stroke-onset timepoints is:
, in contrast to minimal to no strokes in [Tg-M] rats (8) . We assessed two time points prior to overt evidence of stroke, at 2 months of age and at 4.5 months of age. With the exception of the 4.5-month-old Tg25+F (n = 4 rats), all other study groups had n = 3 rats.
Isolation of Cerebral Cortex Microvessels
Brain microvessels from rat cerebrum were isolated as described (8, 17) . Isolated cMVs retained on the 40-micron cell strainer were washed off, visualized and photographed to confirm cMV isolation, then quantified by weight. Total protein was isolated from each rat cMV sample and analyzed individually by tandem mass spectral analysis. Diagrams of experimental design are shown in Supplementary Figures 1 and 2 .
Separation of Proteins and Mass Spectrometry Analysis
Processing of proteins and tandem mass spectral analysis was done as described (18) . Tandem MS/MS spectra were collected for the top 10 ions of each MS scan. Spectra were queried against the rat NCBI RefSeq protein database, downloaded in October 2006. Tandem mass spectra were analyzed using SEQUEST (Thermo Fisher Scientific, Waltham, MA, USA). Proteins were considered present only if two high-scoring unique-sequence peptide matches were achieved in a single gel slice, or if a single peptide was observed at two different charge states in that gel slice. On the basis of previous work evaluating false positive matches for peptide identification (19), we adjusted XCorr scores until the false positive rate of protein identification was empirically determined to be 2%, as calculated by the inclusion of two reversed peptide sequences in a single gel slice. SEQUEST DelCn score was required to be ≥0.08. Raw data are available for anonymous download at proteome. commons.org with the following identifier: hvsCus+PP6NDxmBk+kWQBP3Vjl/8bn GCjUW3g9SYTkWMYFOFFPaK8puJsPx7 TgOpA10t9VbBgT9WgaWvPQGGsMUW VvIAAAAAAANafQ== (http:// proteomecommons.org).
Pathway-Specific Analysis of Ageand Sex-Specific Changes in cMV Proteome
We employed a metaprotein analytic approach recently developed for relatively sparse mass spectrophotometric proteomic data of phosphorylated protein signatures in lung cancer (20) . Analysis of pathway-specific abundance changes utilized the 200 pathways of the Kyoto Encyclopedia of Genes and Genomes (KEGG) database included in the "C2:curated pathways, CP:canonical pathway-set" available in the Molecular Signatures Database (MSigDB, http:// www.broadinstitute.org/gsea/msigdb/ collections.jsp#C2). As described in Wu et al. (20) , a metaprotein was defined as a specific linear combination of proteins within a curated pathway protein set. In the first step, for each protein set P, we utilized principal component analysis on the spectral count profiles of all proteins belonging to P in all cMV samples to define eigenvectors that reflect the variation in observed spectral count patterns (21) . Principal components were considered only if they explained a significant amount of the variation in metaprotein expression (>30%) and had 20 or more proteins observed in the data. The metaprotein expression is the sum of the counts of individual proteins weighted by the coefficients in the eigenvectors corresponding to the principal components.
Metaproteins with differential expression between two comparative groups for age (4.5-month-olds versus 2-montholds) and sex (F versus M) were determined based on false discovery rates (FDR) q values less than 0.05. The Pearson correlation coefficient between each protein and the metaprotein was computed to identify those proteins within the protein set that are most responsible for the observed pathway-specific variation. This approach appears to be a novel methodology for performing a variation of "gene set enrichment analysis" (22) on proteomic data, and should be broadly applicable to other types of sparse data. For differentially expressed pathways, we also identified individual members of the pathway that are differentially expressed between queried study groups based on a Kruskal-Wallis (KW) rank sum test P value <0.05.
Hierarchical Model-Based Analysis of Proteomic Changes Associated with Stroke Susceptibility
Protein expression was compared between stroke-susceptible and non-strokesusceptible rats at 4.5 months of age to distinguish differential expression unique to progressive stages of stroke susceptibility in the spTg25 rat model (8) . The stroke-susceptible group spanned three sets of rats that exhibited stroke: Tg+ males, Tg+ females, Tgfemales (n = 3 per set for each time point). The non-stroke-prone group is composed of littermate Tg-males (n = 3 set for each time point).
The QSPEC method by Choi et al. (23) was used for the statistical inference for differential protein expression from spectral counts, with a modification that accounts for proteomic changes due to sexand transgenic CETP-induced hyperlipidemia. QSPEC is a hierarchical modelbased method for statistical inference of spectral count-based differential protein expression (23) , parallel to gene set enrichment analysis of transcription profiles (22) . Two statistical models are fit in each protein: (M 1i 
where Y ij denotes the spectral count of protein i in rat j, C j is the CETP mutation of rat j (1 if transgenic, 0 otherwise), G j is the gender of rat j (1 if female, 0 if male), and T j is the stroke susceptibility (1 if susceptible, 0 otherwise). The differential expression status is indicated by the presence or the absence of parameter β 3i . Given the two candidate models, differential expression for protein is tested based on the magnitude of Bayes factor (BF), defined by a likelihood ratio of the two models, that is, (24) . Large BF supports the hypothesis of differential expression for the protein.
By following conventional suggested guidelines (25) , proteins with BF ≥30 were selected as differentially expressed. Induced and de-induced proteins associated with stroke susceptibility were separately listed. In addition, proteins with evidence of confounding by sex and CETP transgene status were removed from the candidate list, which was also examined by their corresponding BF for the two parameters β 1i and β 2i . Proteins were not included in the list of differentially expressed proteins associated with stroke-susceptibility if they also exhibited a BF ≥30 for sex (F or M) or transgenic hyperlipidemia status (Tg+ or Tg-).
Immunohistochemical Analysis of Rat Brain Sections
Histological processing and immunohistochemical analyses were done as described (8) (Supplementary InformationMethods for specific details).
All supplementary materials are available online at www.molmed.org.
RESULTS
Cerebral Microvascular ProteomeInsight into the Blood Brain Barrier
To determine proteins and pathologic processes associated with increased stroke susceptibility, we used 1D-PAGE/ LC/MS/MS spectrometry (18) to obtain total proteome profiles from cerebral cortex microvessels (cMVs). We reduced the complexity of stroke proteomes by focusing on changes in isolated cerebral microvascular proteomes rather than the whole brain. We studied rat subgroups which represent the spectrum of stroke susceptibility including the nonstroke phenotype. Stepwise analyses of cMV proteomes were done to distinguish proteomic changes due to specific risk factors and those associated with stroke susceptibility independent of said risk factors. We obtained cMV samples from inbred stroke-prone Tg[hCETP]25 Dahl S rat model, thus eliminating confounders from genetic heterogeneity and environmental factor variation. We obtained and studied cMV proteomes from eight rat groups with varying combinations of the major risk factors observed in this model: age, sex and combined hypertensionhyperlipidemia, all of which contribute to stroke susceptibility as measured by earlier stroke onset (8) . The effects of these risk factors on the cMV proteome were analyzed separately to gain insight into risk factor-induced pathogenic mechanisms. Thereafter, exclusion of these proteins differentially expressed with respect to age, sex or transgenic status allowed the identification of those proteins which change specifically with stroke susceptibility. (Experimental design scheme shown in Supplementary  Figures 1 and 2 .)
In total, we report 26 proteome profiles ( Table 1 ). The average number of proteins identified from each rat within each group is summarized (Table 1) with the comprehensive listing of proteins per sample in Supplementary Table 1 . We identified 1,934 proteins by two or more peptides in the 26 samples. Many proteins were observed in most or many of the samples: 637 proteins were identified in 20 or more samples, 1,033 were identified in 10 or more. Only 122 proteins of the 1,934 total were identified only in a single sample.
We also report the detection of relatively similar spectral counts among all cMV samples of some proteins characteristic of endothelial cells (ACE2, vWF), BLM (collagen [COL]-18A1, COL-6A2, COL-6A3, nidogen-1 and -2), pericytes (smooth muscle α actin) and astrocyte end feet (GFAP) (data not shown), thus indicating that cMVs isolated using the brain microvessel procedure (17) represent the BBB. The BBB is composed of the microvascular endothelial cell, BLM, pericytes and astrocyte end feet (26) . This characterization of cMV composition is concordant with the analysis of "brain microvessels" isolated by laser capture microdissection which detected identical multicellular composition (12, 27) . Unsupervised cluster analysis confirms the multiple cell types and ECM representation of the BBB in all cMV samples (data not shown). Importantly, the detection of these proteins with similar spectral counts in all cMV samples indicate relatively similar BBB cell composition of cMV samples, thus validating the proteomic analysis of cMVs and the detection of differentially expressed proteins. We also note that some cMV isolates had red blood cell (rbc) contamination, and these rbc-specific proteins, such as hemoglobin and carbonic anhydrase-1 were excluded (data not shown).
Differential Effects of Age and Hyperlipidemia on the cMV Proteome
We next analyzed cMV proteomic changes associated with age or hyperlipidemia. Integrating a functional context to our proteomic analysis, we used a pathway-based analytic approach developed for proteomic spectral counts with the pathway protein set serving as the metaprotein and validated previously for relatively sparse phosphoproteomic data (20) . We explored pathway differences between 2-month-old and 4.5-month-old rats. Because most stroke-prone Tg+ female rats succumb to stroke at 4 to 5 months, we were unable to study a later time point. At 2 months, blood pressure and total plasma cholesterol and total plasma triglyceride levels are equivalent and normal between male and female rats, and stroke events are not detected (8) . In contrast, at 4.5 months, hypertension is moderate to severe in both Tg+ and Tg-rats exposed to early life sodium (0.4% NaCl), while hyperlipidemia is present in Tg+ rats but not in Tg-rats, with Tg+ female rats exhibiting far less hyperlipidemia than males (8, 16 ; Supplementary Figure 3) . Because all 4.5-month-old rats are compared with 2-month-old rats regardless of sex, transgenic-hyperlipidemic phenotype and stroke predisposition in this 2-month versus 4.5-month analysis subset, differentially expressed proteins reflect age-associated changes rather than stroke susceptibility.
Metaprotein analysis using 200 KEGG pathways listed in the canonical pathway database (MSigDB) identified differential expression between 2-month-old and 4.5-month-old rats in six metaproteins or KEGG pathways within two unifying cat- egories: 1) energy metabolism, and 2) cell-microenvironment interactions. All pathways listed exhibited significant differences with false discovery rates (FDR) ≤0.05 (Table 2) . Among differentially expressed energy metabolism metaproteins, the glycolysis pathway is increased while the citrate cycle and pyruvate metabolism pathways are decreased (Table 2) . Among cell-microenvironment interaction metaproteins, the cell communication pathway is decreased and a net increase in ECM-receptor interaction pathway is observed (Table 2) . Furthermore, several proteins within each pathway-specific protein set exhibited significant correlation to metaprotein changes (Pearson correlation P < 0.05) and statistically significant differences (KW P < 0.05) between 4.5-month-old and 2-month-old rat cMV proteomes. Surprisingly, transgenic hyperlipidemia did not induce significant pathway changes in cMV proteomes using false discovery rate (FDR) analysis (Supplementary Table S2 ). We note, however, that the top scoring pathway, ECMreceptor interactions, had individual proteins whose expression levels varied significantly (P < 0.05) and also correlated with the metaprotein (Pearson correlation P < 0.05) (Supplementary Table S2 ).
Pathways Differentially Expressed between Males and Females
To gain insight into putative mechanisms that underlie greater stroke susceptibility in female rats compared with males despite equivalent levels of hypertension and less hyperlipidemia, and a lower risk for coronary artery disease (8), we analyzed male-to-female differences for young, old and both age groups combined. We obtained qualitatively similar results for both age groups, but the highest statistical significance was detected in the 4.5-monthold rat groups and are reported here (Table 3) . Two KEGG pathways/metaproteins exhibited significant differential expression-HSA00010 glycolysis and gluconeogenesis pathway and HSA04670 leukocyte trans endothelial migration pathway (Table 3 ). In 4.5-month-old females, the glycolysis/ gluconeogenesis metaprotein exhibited a decrease (FDR = 0.04) in contrast to 4.5-month-old males (Table 4 ). This decrease is opposite of the increase observed with aging (Table 2) . Individual protein analyses detected five proteins with significant correlation with the metaprotein (Pearson P < 0.002) and significant differences between sexes (KW P < 0.05) (Table 3 ). Interestingly, 3 of the 5 proteins decreased in the female-specific glycolysis pathway protein set are increased in the protein set for the ageassociated change in glycolysis/gluconeogenesis pathway, PKM2, ENO2 and ALDOC (Tables 2,3 ). The proteins detected to be changed significantly between comparative groups and correlated with differential expression of the leukocyte transendothelial migration pathway are vinculin and integrin β-1 (Table 3) .
Differentially Expressed Proteins in Stroke-Prone Cerebral Microvessels
Having analyzed the proteomic changes associated with age, sex-specific differences and hyperlipidemia, we next assessed cMV proteome alterations that are associated with stroke susceptibility independent of said risk factor-induced changes. We limited the analysis to 4.5-month-old rats to maximize differences in stroke susceptibility as observed (8) . We utilized QSPEC to identify differentially expressed proteins (23) as indicated by statistically significant differences in spectral counts (28) . We identified proteins that varied as a function of stroke susceptibility using analysis of variance (ANOVA), eliminating protein changes associated with sex-specific differences or hyperlipidemia given that the latter two, while risk factors, also are confounding variables. Analysis was limited to 4.5-month-old rats that are closer temporally to stroke onset, and because 2-month-old rats do not display a hyperlipidemic profile yet (8) . We report proteins that were significantly different between non-stroke-prone and stroke-prone 4.5-month-old rats ( Figure 2) . With use of QSPEC analysis (23), proteins that exhibit BFs greater than 65 (>65) for the first comparison, but less than 30 for the transgenic-hyperlipidemia and sex, comparisons were considered as associated with stroke susceptibility. By using these criteria, stroke susceptibility is associated with 12 proteins that are increased (Table 4) , and 14 that are downregulated (Supplementary Table S3 ).
Analysis of putative pathogenic implications of the protein set associated with stroke susceptibility was limited to induced proteins (Table 4) since net de-induction could simply be due to loss from cell death. Interestingly, 6 of 12 proteins in the induced-protein set have been reported previously to be increased in ischemia or hypoxia, and/or associated with proapoptosis effects (Table 4) , and known to be present in endothelial cells or astrocytes. Additionally, 9 of 12 proteins have been reported to be part of the BBB and their increase would be expected to alter BBB function, as well as result in loss of BBB integrity promoting either brain edema or leukocyte transmigration as observed in strokes. Five induced genes have proangiogenic functions (Table 4) consistent with the notion of ischemiainduced angiogenesis. Altogether, this protein set indicates ongoing molecular changes in cMVs prior to the onset of stroke which could be expected to contribute to stroke susceptibility and poststroke sequelae. 
Confirmation of Aquaporin-4 and Laminin-α1 Protein Changes
To confirm proteomic changes associated with stroke susceptibility, we studied AQP4 and laminin-α1 by immunohistochemical analysis of serial rat brain sections from stroke-prone and non-stroke-prone rats. AQP4 and laminin-α1 were selected because they represent the proteins with the highest and lowest BF with significance cutoff >65 BF for association with stroke susceptibility, in contrast to <30 BF for either age or sex (Table 4) .
In contrast to non-stroke-prone rat brains ( Figure 1A-D) , AQP4 and laminin α1 immunostaining exhibited increased signal intensity and spatial distribution in stroke-prone rat arteriolar and postcapillary venular microvessels ( Figure  1E-H) . Similarly, in contrast to capillary microvessels in non-stroke-prone rat brains (Figure 2A, C) , AQP4 also exhibited increased signal intensity and spatial distribution in cMV capillaries ( Figure  2D, F) . These immunohistochemical observations confirm the proteomic changes associated with stroke susceptibility (Table 4) . Additionally, proteomic spectral count analysis of proteins that anchor AQP4 in the dystrophin complex to the perivascular membrane of astrocyte end feet revealed that key anchoring components are present in the cMV proteome: dystroglycan, α1-syntrophin, dystrophin-isoform Dp71, and dystrobrevin-α (Supplementary Table 1) , thus supporting the detection of AQP4 in cMV samples. Moreover, α1-syntrophin also is increased in association with stroke susceptibility (Table 4) . Interestingly, AQP4 is increased in arteriolar astrocyte end feet, while increased AQP4 appears to be increased in either or both astrocyte end feet and endothelium in postcapillary venules and capillaries, since light microscopy cannot distinguish the two, and since abluminal apposition of AQP4 immunostaining to endothelial nuclei suggest abluminal endothelialmembrane localization (Figure 1C, G; 2D  2F ). Endothelial AQP4 expression has been reported, with greater amounts in the abluminal compared with the adluminal endothelial membrane (29) .
DISCUSSION
Importance of Direct Study of cMV Proteomes
Focus on rat stroke model-derived cMV proteomes is important since there is no in vitro system that can recapitulate the critical cell-to-cell and cell-to-matrix interactions in intact cMVs nor recapitulate molecular-to-cellular events in stroke pathogenesis. Additionally, studying the status of cMV proteomes per se gives insight into its critical roles in the maintenance of BBB integrity and neurovascular coupling (4) . Detection of distinct pathways with differential expression is contrasted to the many more pathways not exhibiting statistically significant differential expression, thus giving compelling confidence to detection of said observed changes (Tables 2-4) .
Insight into Risk-Factor Induced Prestroke Changes in cMVs
Metaprotein analysis identified increased glycolysis-pathway in 4.5-monthold rats compared with 2-month-old rats, similar to increased glycolysis associated with hypoxia (30) . On the other hand, sex-specific proteome analysis also detected increased expression of glycolysis pathway proteins in 4.5-month-old male rats, which have been observed to have less stroke susceptibility than female rats. These seemingly conflicting observations can be reconciled with the hypothesis that while increased glycolysis indicates relative low grade ischemia/hypoxia as rats age, males have the advantage over females because the increase in glycolysis pathway proteins is thought to be an adaptive compensation seen in astrocytes but not in neurons. The ability of astrocytes to compensate and restore mitochondrial membrane potential through glycolytically generated ATP allows them to resist apoptosis in chronic low flow ischemia in contrast to neurons, which are unable to increase glycolysis for energy demands during hypoxia, and hence proceed to apoptosis given ischemia/ hypoxia (30) . Altogether, the greater increase in glycolysis pathway protein set in 4.5-month-old males could give them a compensatory advantage over 4.5-monthold females, thus accounting for the greater susceptibility in females (8) . Additionally, 4.5-month-old females also exhibited a significant increase in the leukocyte transmigration pathway compared with male cMVs, concordant with the observation of greater stroke susceptibility in females as observed in stroke-prone Tg25 rat model (8) .
Insight into Putative Stroke-Prone Pathogenic Mechanisms
Prestroke changes in cMV basal lamina matrix. In contrast to the analysis of RNA changes, proteomic analysis of cMVs gives a direct analysis of the cumulative net changes in the BLM of the cMV which is produced and modulated by all three cellular components of the BBB-endothelial cell, pericyte and astrocyte. Elucidation of changes in the BLM provides insight into intercellular cross-talk within the BBB and, even more importantly, within the neurovascular unit, which impacts not just the integrity of microvascular permeability, but also neurovascular coupling, neutro- transmitter inactivation, neurotrophic coupling and angiogenic and neurogenic coupling (31) . More specifically, the detected net increase in collagen-12A1 and laminin-1 associated with stroke susceptibility suggests the hypothesis that altered basement membrane composition and amount could lead to a loss of the ability of the vessels to autoregulate in response to changing hemodynamic conditions, thus leading to chronic low flow ischemia and vulnerability to microhemorrhages and/or postischemic infarction hemorrhagic transformation (8) . These stroke susceptibility-specific changes are reinforced with ECM-receptorinteraction pathway changes independently induced by age, thus altogether leading to changes in the collagen network affecting 4 types of collagen, COL12A1, COL4A1, COL4A2 and COL1A1, and the laminin network affecting several laminin isoforms: LAMA1, LAMA5, LAMB2 (Table 2) .
Prestroke pathway changes associated with stroke susceptibility. Concordantly, proteins that are increased in association with stroke susceptibility are known to be expressed in the different BBB cell types: ECs, pericytes or astrocytes (Table 4 ). Induced cMV proteins that are associated previously with ischemia (Table 4) confirms the presence of chronic low flow ischemia first detected in this stroke-prone rat model by magnetic resonance microimaging (8) . Elucidation of significant proteomic changes in the prestroke stage confirms the pathogenic role of low flow ischemia in this stroke-prone Tg25 rat model. Additionally, proteomic changes which can lead to changes in BBB integrity be it edema, leukocyte transmigration or BBB dysfunction (Table 4) , provide molecular insight into putative mechanisms that could contribute to the observed stroke features of neutrophil transmigration, microhemorrhages and/or predisposition to hemorrhagic transformation as observed in this model (8) .
The association of stroke susceptibility with increased AQP4 expression in both spatial distribution and intensity, in all cMV components (arterioles, postcapillary venules and capillaries, as well as in both astrocyte end feet and abluminal endothelium) altogether suggests the following hypotheses: first, that AQP4 increase in astrocyte end feet provides a molecular mechanism for a preset vulnerability to poststroke brain edema that is initiated at the prestroke stage and not just at the onset of stroke, since AQP4 is the major water channel underlying brain water balance and implicated in ischemic cytogenic edema (32) . Secondly, although the role of endothelial AQP4 has not been elucidated, we hypothesize that parallel to known AQP4 roles in astrocytes (32) (33) (34) , AQP4 increases in stroke-prone cMV venular and capillary endothelia also result in altered waterion homeostasis and signaling in said cMV endothelium. This perturbation could then contribute to endothelial dysfunction with cascading effects on the neurovascular unit, thereby resulting in altered neurovascular coupling. The resultant putative dysfunction of neurovascular coupling then sustains, if not worsens, the chronic low grade ischemia observed in the stroke-prone, hypertensive rat strain, which coupled with AQP4-mediated cytogenic edema, together contribute to stroke-susceptibility. These hypotheses are supported by observations of increased AQP4 in strokeprone SHRSP rats (35) and in poststroke human brains with cerebral infarction (36) , and by the detection of a hypoxia inducible factor-1α response element in the 5′ flanking region of the human AQP4 gene.
Limitations of the study. While key insights were obtained, delineation of limitations of the study that could impact biological context of observations is important. Shotgun proteomic analysis by tandem mass spectrometry is limited by the smaller total number of proteins analyzed compared with transcription profiling. Hence while positive findings are informative, nondetection of a protein does not equate with noninvolvement in stroke susceptibility. As with all "-omics" analysis of complex tissues valued for critical biological context, detection of protein level alterations not caused by cell composition changes does not pinpoint cell-specific origin(s) of said changes. Additionally, the temporal variation in disease course of adult-onset stroke models, despite identical genetic backgrounds, adds further variability onto the inherent variation in shotgun proteomic analysis by tandem mass spectrometry, thus reiterating that negative results are noninformative. However, these limitations emphasize the robustness of positive observations as reported.
CONCLUSIONS
Altogether, stepwise proteomic analyses of cMVs detected prestroke pathway changes (ischemia, BBB-integrity, angiogenesis pathways) associated with stroke susceptibility and pathway changes associated with age-and sexspecific changes (glycolytic pathways, cell-microenvironment interactions, and transendothelial migration pathways). These observations suggest that a paradigm shift toward the prestroke stage could be central to overcoming the "translational roadblock to effective stroke therapies" (2) . Observed prestroke pathway changes provide a priori putative targets for new diagnostic and therapeutic approaches, and can also give critical pathophysiological context to help address the current conundrum of "Janus-faced stroke treatment targets which have limited efficacy combined with serious side effects" (2).
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